INTRODUCTION
The notion that biotic communities can exist in multiple alternative states at different times in the same place is well entrenched in ecology (Lewontin 1969 , Holling 1973 , Sutherland 1974 , Knowlton 1992 . Alternative states have been documented in various terrestrial (e.g. forests, grassland), freshwater (e.g. wetlands, lakes), and marine (e.g. rocky intertidal and subtidal communities, soft-bottom assemblages, coral reefs) systems (reviewed by Folke et al. 2004) . Although many studies have addressed the potential for alternate stable states, relatively few have investigated the dynamics of transitions between states, particularly for spatially complex ecosystems. Understanding mechanisms that drive transitions (phase shifts) between alternative states is crucial in assessing the consequences of anthropogenic impacts and climate change on the structure and dynamics of ecosystems and the services that they provide to human societies (Hughes et al. 2005) . To this end, mathematical models can provide a useful means of exploring various biotic and abiotic factors and processes that determine persistence of community states, as well as threshold levels of perturbations that can cause phase shifts. These models can be useful in generating hypotheses for future empirical and experimental work. They can also inform management policy in the face of multiple forms and escalating levels of anthropogenic impact.
A prime example of a shift between alternate community states is the transition that occurs when stands of macrophytes (seaweeds or sea grasses) are destruc-ABSTRACT: The rocky subtidal ecosystem of the Atlantic coast of Nova Scotia is characterised by 2 community states, kelp beds and urchin barrens that alternate on a decadal time scale. While the shift from barrens to a kelp bed requires a large perturbation, namely a disease outbreak causing urchin mass mortality, the reverse shift is more gradual and mediated by the formation and propagation of destructive grazing aggregations (or fronts) of sea urchins Strongylocentrotus droebachiensis. We have developed a spatial model for the re-establishment of kelp beds and the formation of a feeding front of urchins in order to describe transitions (phase shifts) between kelp bed and barrens states following an urchin mass mortality event. Our model includes size-specific movement, growth, and survival of urchins, as well as growth of kelp and grazing by urchins. The position of the kelp bedbarrens interface (or grazing front) predicted by our model is in general agreement with field observations at 2 sites and for up to 7 yr after a mass mortality event. Elasticity analysis showed that daily foraging movements by individual urchins have the greatest effect on the position of the feeding front and the density of the urchins there. Survival and recruitment rates of urchins also have large effects on urchin density at the front. The density of urchin populations in deep-water thermal refuges (from a disease agent) and the distance between these source populations and remnant or emergent kelp beds have large effects on the time required for the re-formation of a feeding front after an event of urchin mass mortality. These findings suggest that site-specific characteristics should be taken into account in the development of sustainable harvesting strategies and habitat-based management of the urchin fishery.
tively grazed by sea urchins (Camp et al. 1973 , Lawrence 1975 ). On temperate rocky coasts worldwide, subtidal habitats are often characterised by 1 of 2 community states: kelp beds/forests or sea urchin barrens. Kelp beds or forests are characterised by high diversity and biomass of fleshy macroalgae and low densities of urchins. The upper canopy is composed of various genera of large kelps (e.g. Macrocystis, Nereocystis, Laminaria) , while the understory consists of smaller foliose and turf-forming algae, sponges, bivalves, and a variety of other invertebrates (Dayton 1985 , Steneck et al. 2002 . In stark contrast, urchins are abundant in barrens, and their intensive grazing denudes the seabed of all but encrusting coralline red algae (Foreman 1977 , Chapman & Johnson 1990 , Sivertsen 1997 . In some areas, either community state may last for protracted periods (Estes & Palmisano 1974) , while, in other areas, more rapid transitional patterns have been observed (Scheibling 1986 , Johnson & Mann 1988 .
The transition between kelp beds and urchin barrens is typically mediated by the destructive grazing of kelps and associated algae by sea urchins (Lawrence 1975) . Through recruitment and/or migration, urchins accumulate at the margins of kelp beds, forming dense aggregations (grazing fronts) that can travel through kelp beds at speeds of up to 4 m mo -1 , leaving only coralline crusts in their wake (Scheibling et al. 1999) . Wave action in shallow waters can interrupt the shoreward progression of urchin fronts, allowing a narrow fringe population of kelp to survive in the shallow subtidal zone (Keats 1991a) . Urchins in the barrens behind a grazing front can survive indefinitely by feeding on corallines, microbial films, and drift algae (Johnson & Mann 1982) . Thus, the barrens state appears to have a high degree of stability as even low biomass of urchins (150 to 250 g m -2
) can prevent the re-establishment of kelp beds (Breen & Mann 1976 , Chapman 1981 . On the west coast of North America, over-exploitation of sea otters has likely increased the stability of the barrens state by releasing urchin populations from predatory controls (Simenstad et al. 1978) .
Along the Atlantic coast of Nova Scotia, mass mortalities of the green sea urchin Strongylocentrotus droebachiensis have been scientifically documented since the 1980s (Scheibling & Hennigar 1997 , Miller & Nolan 2000 , and there is anecdotal evidence of these events in earlier decades (Miller 1985) . These mortalities have been associated with the presence of a pathogenic amoeba Paramoeba invadens (Jones & Scheibling 1985 ) that appears to be periodically introduced to the coast with intrusions of warm water in the late summer and fall (Scheibling & Hennigar 1997) . The growth and survival of this amoeba is temperature dependent (Jellett & Scheibling 1988) , and urchins in deep water (deeper than 20 m, and below the seasonal thermocline at temperatures <10°C) have a thermal refuge from the disease (Brady & Scheibling 2005) . These episodic mass mortalities provide the only known perturbation that can drive the transition from urchin barrens to kelp beds in the area of the coast above 20 m depth.
Thus, mass mortalities of urchins in barrens due to disease, and the formation of grazing fronts at the margin of kelp beds, result in large fluctuations in urchin density that drive the alternation between the 2 community states of the shallow subtidal ecosystem. Understanding the mechanisms that determine the mode and tempo of these transitions is not only of general ecological interest, but also has important ecological implications for management of coastal resources. Kelp beds are deemed economically important habitats as they provide food and shelter for a variety of commercial species including lobster, Atlantic Canada's most valuable fishery (Beaudin 2001) . In addition, a burgeoning sea urchin fishery was established along this coast in the late 1980s (Miller & Nolan 2000) . This fishery specifically targets urchin grazing fronts, and a habitat-based management policy was developed to control the transition between states through harvesting of urchins (Miller & Nolan 2000) .
With a long history of rigorous scientific investigation and a wealth of knowledge on the population biology and ecology of key species, the rocky subtidal ecosystem of Atlantic Nova Scotia is a prime subject for investigating transitions between alternate community states through mathematical modelling. Here, we present a spatial (1-dimensional) model of urchin and kelp dynamics, to investigate destructive grazing and transitions between the kelp bed and barrens state. In particular, we elucidate factors that affect the time to formation of a grazing front after a mass mortality event, and thereby determine the pace of transition. We compare our model predictions with field observations of front dynamics following mass mortality at 2 sites with contrasting bathymetry. We also compare population density and size structure of urchins predicted by our model to independent field observations. Lastly, we discuss the implications of our findings for the sustainable harvesting of sea urchins and habitat-based management of the fishery.
MATERIALS AND METHODS
Urchin dynamics. To capture the complex dynamics of the urchin-kelp system, we needed to incorporate both spatial and temporal components into our model. We previously showed that a simple model based on random foraging movement and food-dependent dis-persal of urchins, not only generates a feeding front in Strongylocentrotus droebachiensis, but also accurately predicts the dynamics (rate of advance, urchin density) of the front (Lauzon-Guay et al. 2008) . Here, we used this foraging model as a framework for our model. Briefly, the foraging model is based on an integrodifference equation (Kot et al. 1996) , with a Gaussian dispersal kernel to model the movement of urchins, such that:
( 1) where u t+1 (x) is the density of urchins (ind. m -2
) at location x at time t + 1, and k S (x -y) is the redistribution kernel, dependent on food availability (subscript S), which gives the probability that an individual at position y at time t moves to position x at time t + 1. The redistribution kernel assumes that urchins remain stationary in the presence of food and redistribute when food is not available such that:
(2) where δ is the dirac delta function indicating no redistribution and G is the Gaussian redistribution kernel of urchins that move with a specific mean μ and standard deviation σ. S t (x) is the biomass of kelp (kg m -2 ) at location x and time t.
We expanded this model to include multiple size classes of urchins. We used a matrix model (Caswell 2001) to account for size-specific survival and growth rates of urchins. An ontogenetic shift in behaviour occurs between juvenile and adult urchins. Juveniles of Strongylocentrotus droebachiensis tend to be sedentary, hiding in crevices and growing slowly until they reach 15 to 20 mm (test diameter). At this size, they begin to forage on attached algae in the open and to grow more rapidly and become reproductive (Rowley 1989 , Dumont et al. 2004 . Therefore, we divided our model population into 6 size classes of approximately equal range (10 mm): u 1 , u 2 , u 3 , u 4 , u 5 , and u 6 , corresponding to size classes of <10, 10 to 19, 20 to 29, 30 to 39, 40 to 49 and ≥50 mm, respectively. Incorporating 2 juvenile classes in our model captured the early phase of slow growth, while the 4 adult classes enabled us to account for size-specific differences in grazing rate as well as the slower growth of urchins as they approach asymptotic size between 50 and 60 mm (Meidel & Scheibling 1998) .
We assigned size-specific probabilities for urchins in size class i surviving (s i ) and growing (g ij ) into the next size class j. The probabilities of survival and growth can be combined to give the probability that an individual either survives and remains in its size class -(1 -g ij )s i = α ii -or survives and grows into the next size class -g ij s i = α ij . These transition probabilities and coefficients are placed in their appropriate positions in the transition matrix (A). The population dynamics of urchins (without spatial structure) can then be investigated from the following model:
We substituted the number of urchins u t (x) in Eq. (3) with the spatially explicit population vector u t (x) (Eq. 1), and the redistribution kernel (k S ) (Eq. 2), with the redistribution matrix M S(x) : (4) where k iS(x) is the redistribution kernel of urchins in size class i as a function of the amount of food available (S (x)). We then included the spatial counterpart A S (x),u(x) of the transition matrix A to the integral to account for growth and survival of urchins in each size class at each location x as a function of the food available (S (x)) and the number of urchins (u(x)). We did not include recruitment coefficients in the transition matrix (A S (x),u(x) ), because urchin larvae disperse widely in the plankton over several weeks (Strathmann 1978 , Hart & Scheibling 1988 , and so it is unlikely that settlement rate would be correlated with the local population abundance. Instead, we used constant, habitat-specific recruitment rates, which reflected the lower settlement rate observed in kelp beds than in barrens (17 ± 7 and 44 ± 20 recruits m -2 [mean ± SE], respectively; Balch & Scheibling 2000) , and added a recruitment pulse term R t,S(x) once a year that is dependent on the kelp available at each position x. Altogether, our model for urchins is a sizestructured integro-difference equation (Neubert & Caswell 2000) : (5) where °i s the Hadamard product indicating elementwise multiplication. 
Kelp dynamics. We modelled abundance of kelp (Laminaria spp.) in terms of biomass (rather than density) using a model similar to the one presented in Lauzon-Guay et al. (2008) . Specifically, kelp growth was modelled using Ricker's model (Turchin 2003) with an added term for grazing, such that: (6) where S t (x) is biomass of kelp at position x and time t, r is intrinsic growth rate of kelp, and K is kelp carrying capacity ( Table 1 ). The second part of Eq. (6) accounts for urchins grazing kelp, where H t (x) is a grazing function, w i is the weight of an urchin at the midpoint (p i ) of size class i given by w i = 0.001p i 2.7793 (Lauzon-Guay & Scheibling 2007a). During simulations, if the amount of kelp grazed was greater than the amount of kelp available, kelp biomass was set to zero; this ensured kelp biomass does not become negative. As previously mentioned, juveniles are cryptic and do not feed actively on standing kelp, so we did not include them in the grazing function (i.e. i = 3 to 6). Urchins in natural fronts have a grazing rate (g) of 0.03 g kelp g ) as the threshold (T). Therefore, the grazing function H was defined as: (7) We did not model explicitly the re-establishment of kelp beds after urchin mass mortality. There is insufficient information on advective dispersal of kelp spores, saltation, and density-dependent germination and fertilization success to adequately estimate parameters of a spatial-explicit model. We assumed that kelp can disperse over large distances (Gaylord et al. 2004) , and that an initial kelp biomass of 50 g m -2 is present on the substratum at the beginning of the simulation in the area between the kelp bed and the refuge population (20 m depth) after an urchin mass mortality event. We used this small initial value of kelp biomass to obtain a kelp biomass of ~10% of the carrying capacity (K) after 1 yr and a return to 90% of the carrying capacity within 3 yr of urchin mass mortality. Similar kelp growth rates were observed at several sites in Nova Scotia following removal of urchins (Scheibling 1986 , Johnson & Mann 1988 .
Parameterization of the model. Although urchins have indeterminate growth, their growth is often modelled using an asymptotic model (Ebert & Russell 1993 , Meidel & Scheibling 1998 , Lamare & Mladenov 2000 , Brady & Scheibling 2005 . Size-specific growth rates were obtained from size-at-age relationships available for Strongylocentrotus droebachiensis in Nova Scotia (Meidel & Scheibling 1998) . Specifically, these authors modelled urchin size using logistic growth curves, such that:
where D is test diameter (mm), D 0 is the test diameter at settlement (mm), D ∞ is the asymptotic test diameter, b is a growth constant, and q is age (yr). To obtain growth rates, we used the first derivative of D in Eq. (8) with respect to q:
We then rearranged Eq. (8) to obtain the age (q) at size (D) and substituted q in Eq. (9) by q in Eq. (8) to obtain size-dependent growth rates. Growth parameters are available for 3 sub-populations of S. droebachiensis (Meidel & Scheibling 1998) , resulting in habitatspecific and size-specific growth rates (Table 1) . To use these urchin growth rates in our model, a threshold kelp biomass of 100 g m -2 was selected as the cut-off point between kelp bed and barrens. If kelp biomass was above this threshold value and the urchin to kelp ratio was above the feeding threshold (T = 0.5), then urchins were considered to be in a grazing front and growth rates were selected accordingly. To obtain growth probabilities for the transition matrix, we divided the growth rate of individuals at the mid-point of each size class by the width of a size class (Barbeau & Caswell 1999) .
Size-specific survival rates are not readily available for Strongylocentrotus droebachiensis, but field surveys suggest that adult survival varies between 74 and 96% over a year (Russell et al. 1998 , Chen & Hunter 2003 . Therefore, we used a mean value of 84% sur- 
vival for adult urchins (> 20 mm) over a year in our model. Survival of juvenile urchins (< 20 mm) was estimated at 62.0% (± 2.5%, SE) annually in Nova Scotia (Raymond & Scheibling 1987) . The recruitment rate of S. droebachiensis is difficult to predict as it can vary greatly both spatially and temporally (Balch & Scheibling 2000) . As already mentioned, we used constant, habitat-specific recruitment rates in our model. We estimated the probability distribution of daily dispersal distances from observed displacements of marked urchins in barrens after 24 h (Dumont et al. 2006) , using a Gaussian distribution with a mean of 0 and a standard deviation of 1.33 (Lauzon-Guay et al. 2008) . Although urchins are able to detect food and move toward it, field observations suggest that displacement is non-directional (Dumont et al. 2004 , Lauzon-Guay et al. 2006 , Lauzon-Guay & Scheibling 2007b ; thus, our displacement distribution is symmetrical about 0, with the same probability of moving toward or away from shore. Only urchins > 20 mm are redistributed in our model, since juveniles are sedentary and cryptic.
Model analyses. Validation: We simulated the reformation of a feeding front following a mass mortality event of urchins at 2 sites along the coast of Nova Sco- For all simulations, we used a 500 m long domain divided into 2 12 intervals of ~0.1 m and with reflective boundaries. The time steps were set at 1, and the model was run for 1500 d (~4 yr) at Chebucto Head and 2500 d (~7 yr) at Splitnose Point. Simulations were done using the fast Fourier transform algorithm in MATLAB.
For simulations of Chebucto Head, we chose initial conditions to mimic the state of the system following mass mortality of Strongylocentrotus droebachiensis, with only a deep population of urchins remaining (Brady & Scheibling 2005) . Specifically, the spatial domain was divided such that, at t = 0, kelp was abundant from 0 to 100 m (8 m depth) and barrens existed from 100 to 500 m. Urchins were not present from 0 to 150 m (20 m depth), and normal barrens densities of urchins were found from 150 to 500 m (where depth would exceed 20 m, given the bottom slope). The urchins, therefore, had to travel 50 m to reach the kelp bed. We compared the time for the re-formation of a feeding front at the lower limit of the kelp bed obtained from our simulation to that observed by Brady & Scheibling (2005) . We also compared the simulated size distribution of urchins in the barrens and front sub-populations to observed distributions. 
Uncertainty analysis:
We conducted uncertainty analysis to assess the amount of variation in the model predictions (i.e. urchin density and cumulative front advance) at both sites, given the natural variation observed in the parameters. This was done by running 200 simulations for each site and resampling parameter space using a Monte Carlo method. At the beginning of each simulation, we randomly selected a value for parameters of the model, for which we had a measure of variation (r, g, σ, R, and s i ), from their corresponding distributions based on the mean and standard error of each parameter estimate (Table 1) . For r and R, we used a gamma distribution, which has a lower bound at 0 (Evans et al. 2000) . For s i , we used a beta distribution, because s i is bounded between 0 and 1 (Evans et al. 2000) . For g, we used a uniform distribution for the range of observed values, because we did not have information on the variance associated with grazing rates. For σ, we generated a distribution of values using a bootstrap procedure by redrawing individual urchin displacements (Manly 1997) . We used the percentile method (Manly 1997) to evaluate the 95% confidence interval of the model output.
Factors affecting time needed for front formation: Using site conditions representative of Chebucto Head, we ran simulations with various levels of recruitment, initial density in the refuge population, and daily displacement of urchins (linear distance between the initial and final positions of an urchin over 1 d) to evaluate their effect on the time needed for re-formation of a grazing front. We started simulations without any surviving urchins to test the effect of recruitment. We also ran simulations using various distances between the lower limit of the kelp bed and the surviving urchin population. We ran these latter simulations with and without recruitment to assess the change in the relative importance of recruitment and movement of urchins on the formation of a feeding front with varying distances. In all simulations, we did not include kelp re-colonization in the barrens because we were interested in evaluating the effect of various parameters on the ability of urchins to migrate a specific distance (and form a front).
Elasticity analysis: We conducted an elasticity analysis on 2 model outputs: density of urchins at the front and position of the front 2 yr after the start of the model (after mass mortality). Elasticity analysis was done numerically as: (10) where E p (%) is the elasticity of (or proportional change in) the output to a 10% increase in parameter p, X 0 is the output of the original model, and
is the output of the model with parameter p modified (Barbeau & Caswell 1999) . We used as initial conditions those observed at Chebucto Head in September 1999. For size-specific parameters (growth and survival of urchins), we did the analysis both for each size class separately and for all size classes simultaneously, to account for possible correlations in growth and survival between size classes.
RESULTS

Chebucto Head
Our model simulation predicted that Strongylocentrotus droebachiensis reached the lower margin of the pre-existing kelp bed in < 2 yr after the mass mortality of urchins in the shallow zone in September 1999. By July 2002, our simulated front was at the position observed for the natural front in March 2003 (i.e. 8 mo ahead). Thus, by March 2003, our model predicted that the kelp bed should have receded 24 m (95% CI: 20 to 32 m) from its 1999 level, 9 m (95% CI: 5 to 17 m) more than observed (Fig. 1 ). Although our model predicted that urchins reached the lower margin of the kelp bed after 200 d (March 2000) , urchin density at this time was below the threshold required for destructive grazing. Based on our simulation, it took 340 d (September 2000) for urchin density at the kelp-barrens interface to exceed the threshold value and for an active grazing front to form and advance through the kelp bed ( Fig. 2A,C) . Initially, the model predicted a rapid increase in the advance of the front, followed by a stationary period, before a more gradual increase occurred. This was likely caused by the initial low kelp biomass that allowed for a rapid advance of the front. As kelp biomass ahead of the front increased, the advance of the front slowed until more urchins reached the front. Then, as urchin density at the front increased further and the ratio of urchin biomass to kelp biomass increased, the advance of the front gradually increased (Fig. 2C) . In 2001, 3 yr after the mass mortality, the front travelled at 16.8 m yr -1
. The rate of advance of the front was linearly correlated to urchin density at the front for densities above the threshold (Pearson's r 1197 = 0.98, p < 0.001).
Our model predicted that urchin density should be lower in the newly formed barrens (20 to 30 urchins m Our model also predicted marked differences in the size structure of urchins among sub-populations 3 yr after the mass mortality event (Fig. 3) . The predicted size distribution in the kelp bed was composed mainly of small juveniles (u 1 ) (Fig. 3A) . The size distribution of urchins in the kelp bed was not quantified in the field, precluding a direct comparison. A bimodal size distribution was predicted in the grazing front, with the primary mode in the large adult size class (u 6 ) and a smaller mode in the <10 mm size class (Fig. 3B) . While there is some disagreement with the smallest size class, the predicted size structure at the grazing front compared relatively well with that observed in the field at Chebucto Head in October 2002; in both cases, most urchins were in the 3 largest size classes (Fig. 3B) . The presence of a secondary mode in the small juvenile size class in the front predicted by our model is likely because some recruitment occurred in the kelp bed and the front merged with those recruits as it advanced. Our model also predicted a bimodal size distribution in the barrens, with a primary mode in the small juvenile size class (u 1 ) and a secondary mode in the large adult size class (u 6 ) (Fig. 3C) . The juvenile size class (u 1 ) was overrepresented in the model when compared with field observations at Chebucto Head (Fig. 3C ) (see 'Discussion, Spatial population dynamics').
Splitnose Point
After the mass mortality event in September 1999, urchins in the deeper refuge population at Splitnose Point had to travel a greater distance to encounter the kelp bed than those at Chebucto Head. This provided time for the kelp bed to grow to its carrying capacity in areas that were previously in the barrens state. After 1 yr, our simulation showed that a small aggregation of urchins formed at the lower limit of the newly established kelp bed (Fig. 4) . Changes in urchin density and front advance followed a similar dynamic as at Chebucto Head (Figs. 2B,D & 4) . In September 2004, 5 yr after the incidence of urchin mass mortality, biomass of the newly formed kelp bed had reached carrying capacity (Fig. 4) 
Factors affecting time needed for front formation
The time required for re-formation of a grazing front was dependent on the linear extent of the urchin dieoff (i.e. the along-bottom distance between the lower margin of the kelp bed and the refuge population of urchins) (Fig. 5) . Our model predicted that a front formed immediately (within 11 d) when the urchin population was in contact with the kelp bed, but that it can take up to 1023 d for a front to re-form when the distance urchins must travel was >100 m (Fig. 5) . This maximum period was predicted when recruitment rather than migration of urchins was the main source of urchins in the front. When the distance exceeded 100 m, the time required by urchins to reach the kelp bed was greater than the time required for recruits to grow into the third size class and forage on the standing kelp fronds. The importance of recruitment increased with the distance between the refuge popula- In Panels A and B, the broad confidence intervals about predictions of urchin density are a result of the uncertainty associated with our parameter estimates (especially recruitment, growth, and displacement of urchins) and the long time scale of our predictions tion and the kelp bed (Fig. 5) . For a distance < 50 m, it took the same amount of time for a front to form with and without recruitment. At 75 m, the time delay was 20% greater without than with recruitment (Fig. 5) .
Clearly, the intensity of recruitment should influence the time to re-formation of a front. In simulations with different levels of recruitment and without any urchins at the beginning, the time to front formation decreased with increasing recruit density (Fig. 6A ). The initial density of urchins in the barrens refuge population at the start of the simulation affected the time to formation of a feeding front as well (Fig. 6B) . Without urchins, the delay of 1023 d was the same as for very large distances between the refuge population and the kelp bed. At twice the average urchin density in the barrens (160 urchins m -2 ) in the refuge area, the delay was reduced by 21%, from 536 to 425 d.
Finally, the mean daily displacement of urchins also affected the time to front formation (Fig. 6C) . Small changes around the value used in our simulation had a large effect on the time needed for formation of a front. Once the daily displacement exceeded 3 m d -1 , the effect of displacement became negligible.
Elasticity analysis
Density of urchins in the front 2 yr following a mass mortality event was most sensitive to a change in daily displacement of urchins (Fig. 7A) . A 10% increase in daily displacement increased density of urchins at the front by 25%. A 10% increase in annual survival of 34 Fig. 6 . Strongylocentrotus droebachiensis. Effect of (A) yearly recruitment of urchins, (B) initial urchin density in the refuge population, and (C) mean daily displacement of urchins on time needed for formation of a grazing front at Chebucto Head. The dashed line represents the value used in the main simulation Fig. 7 . Strongylocentrotus droebachiensis. Elasticity of density of urchins at the front and position of the front 2 yr after a mass mortality event to a 10% increase in (A) non-size-specific model parameters, and in (B) the yearly survival and growth rates of urchins in each size class (mm), as well as for all size classes together. Parameters in Panel A are standard deviation of the displacement distribution of urchins (σ), urchin recruitment (R), urchin grazing rate (g) , feeding threshold (T), intrinsic growth rate of kelp (r), and carrying capacity of the kelp bed (K) (see also all urchin size classes increased density of urchins at the front by 13.3% (Fig. 7B) . Most of this sensitivity was caused by survival of adult urchins in u 3 to u 6 (≥30 mm). Increases in recruitment, feeding threshold, urchin growth rate (mostly by small urchins), urchin grazing rate, and kelp carrying capacity also resulted in increases in the density of urchins at the front, while an increase in kelp growth rate resulted in a slight decrease in urchin density (Fig. 7A,B) . Overall, the position of the front after 2 yr was robust to increases in the parameters of the model (Fig. 7A,B) . The position of the front after 2 yr was most sensitive to a 10% increase in daily displacement (3.8%) and in survival (1.9%) of all urchin size classes. The position of the front was more sensitive to increases in survival and growth of urchins > 20 mm than those < 20 mm (Fig. 7B) . A 10% increase in kelp carrying capacity had a negative effect (-0.47%) on the position of the front after 2 yr (Fig. 7A) .
DISCUSSION
Spatial population dynamics
We previously developed a relatively simple foraging model that included the key components of the behaviour of Strongylocentrotus droebachiensis to predict the formation of a grazing front on short time scales (months) (Lauzon-Guay et al. 2008) . Here, we have expanded this model to a longer time scale (years) and to include size-specific vital rates of urchins (growth, survival and contributions to recruitment). Our model predictions for time required for re-formation of a feeding front following urchin mass mortality and for position of this front over time corresponded well to field observations at 2 sites of differing bathymetry. More generally, our modelling exercise suggests that transitions between states can be predicted, which supports the notion that alternate states are not necessarily stochastic (Bertness et al. 2004) .
The site at Chebucto Head is characterised by a steeply sloping bottom and, therefore, a short distance between the lower limit of the pre-existing kelp bed (before the urchin mass mortality) and the refuge population of urchins below 20 m depth. Our simulations showed that a front re-formed at the kelp bed -barrens interface in < 2 yr, which is consistent with observations at this site by Brady & Scheibling (2005) . Thus, urchin populations in steeply sloping areas are able to fill the gap left by the mass mortality in a relatively short period and prevent the kelp bed from extending to deeper waters. Our model over-estimated by 9 m the advance of the grazing front 3.5 yr after the urchin mass mortality event. The steep slope (and short distance between the kelp bed and the refuge population) at Chebucto Head resulted in a front forming in shallow waters (8 to 10 m depth). As an urchin front moves into shallow waters, wave action can have a negative effect on the movement and feeding of urchins that results in a slower rate of advance (Lauzon-Guay & Scheibling 2007b ). As our model does not include the effect of waves, we expect it to overestimate the rate of advance of feeding fronts in shallower waters.
At our other site, Splitnose Point, predicted values for the advance of the front 6 and 7 yr after the urchin mass mortality event were, respectively, 9% greater and 6% lower than field observations. At this site, the thermal refuge for urchins was located 180 m away from the kelp bed, and, as a result, urchins were not able to re-colonize the gap rapidly enough to prevent the expansion of the kelp bed. Our simulation results suggested that the kelp bed had expanded its lower limit by >100 m 3 yr after urchin mass mortality. At that time, our model predicted that an urchin front had formed at the interface and that the kelp bed had already started to recede. Our model predicted that the lower limit of the kelp bed should be at 12 m depth by November 2005, which is only 4 mo later than the period we observed in the field (Lauzon-Guay & Scheibling 2007a). In July 2006 (7 yr after urchin mass mortality), there was very good agreement between the predicted and observed lower limit of the kelp bed at Splitnose Point.
In a review of several sites along the Atlantic coast of Nova Scotia, Meidel & Scheibling (2001) ; Meidel & Scheibling 2001) . Our model predicts a similar distribution pattern, with low urchin density in kelp beds, dense urchin fronts, and intermediate densities in barrens that increase with depth.
The 3 sub-populations are also characterised by differences in size structure. Most notably, a grazing front is typically composed of large adults (Bernstein et al. 1983 , Scheibling & Hatcher 2007 , whereas urchins in barrens have a bimodal size distribution (Himmelman et al. 1983 , Scheibling & Stephenson 1984 , Vadas et al. 2002 , Brady & Scheibling 2005 . In the grazing front, our model predicted a bimodal distribution, although the mode for small juveniles was not observed in the field. The predicted size distribution of urchins in barrens showed the typical bimodality (with juvenile and adult modes). This conforms to the observed bimodal size distribution in the barrens behind the front at Chebucto Head in October 2002 (Brady & Scheibling 2005) . For both the front and barrens, our model predicted more small juveniles (u 1 ) than were observed at Chebucto Head. The lack of small juveniles in the natural population may reflect a low recruitment rate at this time. Also, the bedrock ramp from which urchins were sampled (Brady & Scheibling 2005 ) was largely featureless, providing few spatial refugia (in the form of scattered crevices) for small juveniles (R. E. Scheibling pers. obs.). Thus, the discrepancy between our model prediction and field observations at Chebucto Head likely reflects site-and date-specific contingences (particularly in terms of juveniles) that may not be characteristic of shallow habitats in general. Cannibalism of juveniles by large adults (Himmelman & Steele 1971 ) may also reduce the number of juveniles, although we have not observed this in the field and did not include this as a process in our model. The exclusion of cannibalism may further explain the presence of a small mode of small juveniles predicted by our model in the front that was not observed in the field.
While various mechanisms have been suggested to explain bimodality in the size distribution of urchins in barrens, including different growth morphs (Vadas et al. 2002) , size-specific predation (Himmelman et al. 1983 , Keats 1991b , Scheibling 1996 , size-specific growth (Himmelman 1986) , and recruitment pulses (Ebert 1983 ), in our model, the bimodality in the barrens is caused by slower growth rates for small juveniles and large adults than for intermediate sizes, which results in a longer residence in the first and final size classes of the model. The difference in size structure between sub-populations can be explained by 2 non-exclusive mechanisms: (1) faster growth (because of the greater quantity and quality of food at the front) results in a shorter stay in the juvenile size class and (2) the sedentary behaviour of juveniles prevents them from moving with or into the front. Furthermore, a front is continuously moving away from areas of high juvenile density, since recruitment is lower in kelp beds than in barrens (Balch & Scheibling 2000) .
Transition between kelp beds and barrens
The spatial (depth) constraint of the perturbation caused by an epizootic prevents the complete eradication of urchins from the system. Thus, the inability of the pathogenic agent (Paramoeba invadens) to kill urchins at depths > 20 m (i.e. below the seasonal thermocline at temperatures <10°C; Scheibling & Stephenson 1984) limits the stability of the kelp bed state. Inevitably, as urchins re-populate the shallow disease-affected areas, through recruitment and/or migration from deeper waters, the system undergoes a transitional phase in which both community states are present, albeit spatially segregated by the new perturbation (the grazing front) at their interface. The temporal scale of this transitional period depends on various physical (e.g. slope, topography, wave exposure) as well as biological (e.g. recruitment, growth, survival) factors that determine urchin abundance and foraging behaviour (Scheibling & Hatcher 2007) . Our analyses of factors affecting the time required for formation of a grazing front suggest that the state of the system prior to the perturbation in the barrens state (urchin mass mortality) influences the persistence of the kelp bed state. A high initial density of urchins in the deep barrens prior to the mass mortality can accelerate the formation of an urchin front at the lower margin of the kelp bed and, thereby, reduce the duration of the kelp bed state. In extreme situations, like that observed at Chebucto Head where a dense refuge population occurs in close proximity to the shallow disease-affected zone, urchins can rapidly re-populate the barrens area and prevent the establishment of the kelp bed state altogether.
The foraging behaviour of individual urchins also affects the persistence of the kelp bed state, as demonstrated by the effect of daily displacement on the time to formation of a grazing front. Many factors, such as wave action (Kawamata 1998 , Lauzon-Guay & Scheibling 2007b , density of conspecifics (Lauzon-Guay et al. 2006) , food availability (Mattison et al. 1977) , and substratum type (Dumont et al. 2006) , influence the movement of urchins. The feeding rate of urchins and rate of advance of a front also are determined by the amount of food available (Lauzon-Guay & Scheibling 2007a), as well as by wave action and water temperature (Lauzon-Guay & Scheibling 2007b) . Therefore, the persistence of the kelp bed state may be largely dependent on the particular conditions at a given site. In exposed areas, we could expect urchins to move and feed at a reduced rate because of wave action, allowing kelp beds to survive for protracted periods. A similar situation may occur where urchins dwell on sand or cobble bottoms, because movement rate is slower on these substrata (Dumont et al. 2006) .
Without an external input of recruits, the dispersal of urchins from the refuge population alone would result in a more persistent kelp bed state, especially at sites with gradual slopes (i.e. long distances between the residual kelp bed and surviving populations). Therefore, the long planktotrophic period of sea urchin larvae (4 to 21 wk; Strathmann 1978 , Hart & Scheibling 1988 , providing a long-range dispersal capability, is in part responsible for the local instability of the kelp bed state. Even after near eradication of urchins from extensive tracts of coastline, neighbouring populations can re-colonize barrens areas. Our model suggests that in < 3 yr, urchin recruitment alone could be sufficient to allow re-formation of a feeding front. Large-scale oceanographic features and local hydrodynamic regimes can result in retention or broad-scale transport of urchin larvae (Balch & Scheibling 2000) . The inherent variability in larval supply at multiple spatial and temporal scales will, in turn, affect urchin recruitment rate and, consequently, the persistence of kelp beds.
Our model predictions suggested that the rocky subtidal ecosystem of the Atlantic coast of Nova Scotia alternates between a stable (urchin barrens) and an unstable alternative state (kelp bed). In such a case, where stability of one state is limited, it becomes important to understand the mechanisms underlying transitions between states. This understanding can allow the development of predictive models that could be used in the management of ecosystems.
Present and future stability of the system
Recent declines in kelp biomass, resulting from the invasive bryozoan Membranipora membranacea that colonizes kelp and causes extensive die-back of the canopy (Scheibling et al. 1999 , Levin et al. 2002 , may accelerate the transition between kelp beds and barrens in invaded areas of the coast (Lauzon-Guay & Scheibling 2007a). The transitional period between states is dependent on the urchin population size and, to a large extent, on the topography of a site. At a gently sloping site, the transition will take much longer than at a steeper site. During this transitional period both states co-exist, and a small change in urchin density at the front can speed up, slow down, or even stop the transition between states, while a much greater change in density (mass mortality) is required to reverse the trajectory.
Historically, the presence of large predatory fish may have regulated the stability of the aboriginal subtidal ecosystem in the Northwest Atlantic, by reducing urchin survival (Steneck 1997) , similar to the keystone effect of sea otters in the Northeast Pacific (Estes & Duggins 1995) . Thus, a century of overfishing may have altered the coastal food web and the stability of the ecosystem (Jackson et al. 2001) . Recently, overfishing of sea urchins in the Gulf of Maine has greatly depleted their populations and resulted in increased algal growth (Steneck et al. 2002) . The community-level impacts of overfishing, of both sea urchins and their predators, highlights the need for ecosystem-based fisheries management (Pikitch et al. 2004) , and a sound understanding of the stability and resilience of alternative community states (Scheffer et al. 2001 ) and of the mechanisms leading to transitions between states.
Our mathematical models elucidate important processes that structure communities and regulate transitions between them, and enable us to hindcast past and predict future conditions. The relatively high level of uncertainty in our model predictions, as well as the discrepancies between model predictions and field observations of the size structure of urchin populations, suggests caution in interpreting the longer term predictions of our model. Field experiments aimed at obtaining more precise estimates of model parameters (e.g. recruitment, growth, and movement of urchins) could alleviate these problems and increase confidence in model outputs for periods spanning several years to a decade. Nonetheless, our model could serve as a valuable tool for habitat-based management of the urchin fishery in Nova Scotia (Miller & Nolan 2000) by estimating harvesting levels required to control the transition between kelp bed and barrens states. Mathematical models also may aid in understanding the increasingly complex dynamics of the urchin-kelp ecosystem of the Northwest Atlantic, where climate change, as well as recent invasions (by the bryozoan Membranipora membranacea and the green alga Codium fragile ssp. tomentosoides) appear to be altering the stability of the system or creating new alternative states, such as Codium meadows (Harris & Tyrrell 2001 , Chapman et al. 2002 , Scheibling & Gagnon 2006 . 
